Introduction
Tip links of sensory hair cells in the inner ear play a critical role in mechanoelectrical transduction (MET) -the conversion of mechanical stimuli arising from sound and head movements into electrochemical signals. The dynamic properties and molecular composition of tip links has been the subject of intense debate over the past two decades. Two members of the cadherin family, cadherin 23 (CDH23) and protocadherin 15 (PCDH15), were recently identified as tip-link constituents [1] [2] [3] . The identification CDH23 and PCDH15 as constituents of the tip link and the molecular asymmetry formed by heterophilic interaction of these molecules [1] provides novel opportunities for understanding MET at the molecular level, and for determining the extent to which defects in MET cause hearing impairment. We summarize here recent advances in our understanding of the composition, function, and dysfunctions of tip links.
The current model of tip-link function
Mechanoelectrical transduction in hair cells occurs in hair bundles, which are comprised of dozens of stereocilia organized in rows of decreasing heights. In the current model of MET, deflection of a hair bundle increases tension in a gating spring, which rapidly leads to increase in the open probability of MET channels [4] . MET channels are thought to be localized close to tip links [5] , the extracellular filaments connecting the tip of each stereocilium to the lateral membrane of its adjacent taller neighbor (Fig. 1) . The molecular identity of the gating spring in hair cells is unknown, but tip links are thought to be the gating spring [5] or in series with it [6] . Following activation, mechanotransduction currents rapidly adapt, a process thought to be mediated at least in part by myosin motor proteins that re-establish tension in the gating spring [4, 7, 8] .
Ultrastructure of the tip link
Electron microscopy has revealed that tip links consist of right-handed coiled double strands with 20-25 nm periodicity and 4 nm diameter globular component [6, 9] . The upper part of the tip link splits close to the membrane into two filaments that terminate in an electron dense structure [6] . The lower tip-link part branches into two or three anchor filaments, which terminate in an electron-dense structure at the tips of stereocilia [6] . The tip link is an asymmetric filament formed by CDH23 and PCDH15
Two members of the cadherin family, CDH23 [2, 12] and PCDH15 [3] , which have been linked to inherited forms of deafness in humans [13] [14] [15] [16] [17] , mice [18, 19] , and rats [20] , have recently been identified as integral components of tip links. CDH23 was proposed to be a component of the tip link because it localizes to the tips of stereocilia, and mutations in its gene lead to loss of tip links in zebrafish [2, 12] . Whether CDH23 was a true component of the tip link remained controversial due to several failed attempts to detect its expression in hair cells of adult animals [21, 22] . Meanwhile, it was shown that an antibody that stains the tips of stereocilia in avian hair cells recognizes PCDH15 [11] , suggesting that PCDH15 was also a tip-link component [3] .
A recent study [1] proposed that each tip link is formed by CDH23 homodimers interacting in trans with PCDH15 homodimers, in which CDH23 is localized to the upper part of the tip link and PCDH15 to the lower part (Fig. 2) . Accordingly, antibodies that recognize specific epitopes along the CDH23 and PCDH15 extracellular cadherin domains (ECDs) label the upper and lower part of a tip link, respectively [1] . Antibodies against the N-termini of CDH23 and PCDH15 stain the same position within the tip link, suggesting that the two cadherins interact via their N-termini [1]. Negative-staining transmission electron micrograph (TEM) shows that recombinant ECD of CDH23 and PCDH15 form coiled homodimers that interact at their N-termini. Furthermore, the membrane proximal C-terminus of CDH23 separates into two strands [1], just as the upper end of tip links does [6] . In pull-down experiments, the CDH23 and PCDH15 ECDs interact via their N-termini in a Ca A recent report suggests that the Ca 2þ concentration affects tip-link length [24 ] . When in-vitro Ca 2þ concentration is similar to endolymph (50 mM), tip-link length is approximately 185 nm, whereas it is shortened by 20 nm when the Ca 2þ concentration is increased to 1 mM, suggesting that Ca 2þ may bridge Ca 2þ -binding sites inside the ECD and lead to a tightly folded conformation. The tension in the tip link could also affect the length by forcing unfolding of the CDH23 and PCDH15 extracellular domains. Molecular variability between tip links of different hair cells also cannot be excluded. In Cdh23-null waltzer mice, tip-link-like structures are observed during hair cell development, which could potentially be PCDH15 homodimers interacting in trans [26] , though homophilic PCDH15-binding activity has so far not been detected in biochemical assays. Alternative splicing might also generate short isoforms of CDH23 [22] and PCDH15 [3, 27] , thereby leading to tip links of different lengths.
Mechanoelectrical transduction channels localize to the lower tip-link insertion site
The intrinsic molecular asymmetry in the tip link suggests that the opposite ends of tip links might have distinct functions. Although MET channels were previously thought to be localized to both ends of tip links [28] , recent studies using high-speed Ca 2þ imaging demonstrate that upon mechanical stimulation, Ca 2þ entry is 10-fold larger and faster in the middle and shortest rows of stereocilia than in the tallest row [29 ] . This finding strongly suggests that the MET channel is predominantly or exclusively localized to the lower tip-link insertion point (Fig. 2) . A structural study demonstrating the occasional tenting of the membrane at stereocilia tips in the shortest and middle row of stereocilia (Figs 1b and 2), but not in the tallest row, supports this model as tenting indicates membrane tension, which might be favorable for activating the MET channel [4, 6] .
Developmental link and kinociliary link
In addition to the tip link, CDH23 and PCDH15 are implicated in forming transient links that connect the stereocilia to each other and to the single kinocilium of the hair bundle during development. Developmental links between stereocilia are initially broadly distributed along their length but are gradually removed as stereocilia mature [34] . Kinociliary links connect the lateral membrane of the kinocilium to the tallest stereocilia [11] . Like tip links, these links are sensitive to Ca 2þ chelation [11, 30] . Moreover, antibodies against CDH23 and PCDH15 strongly label these links [1, 11, 12, 21] and mutations in Cdh23 [19] and Pcdh15 [18] lead to defects in hair bundle morphology during embryogenesis, suggesting that these links regulate hair bundle development.
Proteins that bind to the cytoplasmic domains of CDH23 and PCDH15
Usher proteins are likely candidate components of the tip-link/MET apparatus. Human Usher syndrome (USH) is characterized by congenital deafness with progressive visual deficit caused by retinitis pigmentosa [35] . Of the three known types of Usher syndrome, USH1 has the most severe phenotype causing congenital deafness and early-onset retinitis pigmentosa. Mutations at seven loci have been linked to USH1 (USH1A-G). Two of the affected loci encode CDH23 (USH1D) [15, 16] and PCDH15 (USH1F) [13, 14] . Other USH1 genes encode the adaptor proteins harmonin (USH1C) [36] and SANS (USH1G) [37, 38] as well as the unconventional myosin MYO7a (USH1B) [39, 40] . The similar phenotypes among USH1 patients suggest that USH1 proteins act in a common molecular network. This model is reinforced by biochemical evidence, which suggests that USH1 proteins assemble into larger protein complexes.
The cytoplasmic domain of CDH23 has two alternative splicing isoforms, CDH23þ68 and CDH23À68 [41] , whereas three prominent cytoplasmic splice variants, CD1, CD2, and CD3, have been described for PCDH15 [3] . The N-termini of CDH23þ68, CDH23À68 and PCDH15 fit the consensus sequence that mediates protein-protein interactions with PDZ motifs. Interestingly, the USH1C protein harmonin contains three PDZ 390 Hearing science Figure 2 Schematic representation of the tip-link complex illustrating structural features and key molecular components CDH23 and PCDH15 comprise the tip link, which inserts into the stereocilia membrane at the sites of the upper and lower tip densities. Tip densities are presumed to contain scaffolding proteins, which bind to the cytoplasmic domain CDH23 and PCDH15 and anchor the tip link. In addition several myosins including myosin Ic [7] , myosin IIIa [30] , myosin VIIa [31] , and myosin XVa [32] have been localized to the tip density region and proposed to participate in MET adaptation, stereocilia actin dynamics, localization of lateral links, and cargo transport. Tension on the tip link gates the MET channel. The tip link can exert force onto the channel either directly or indirectly by tenting the membrane [4] . The gating mechanism is presumed to involve a gating spring element through which force is applied to the channel gate. The channel gate opens in series with this spring, thus transiently reducing the force onto this spring and increasing compliance [4] . The coiled structure of the tip link and the properties expected of conventional cadherins suggest that the tip link is relatively stiff [33] . The spring element should then be in series with the tip link, possibly as putative 'elastic filaments' between the membrane and the dense actin core [6] . CDH23, cadherin 23; MET, mechanoelectrical transduction; PCDH15, protocadherin 15.
domains, localizes to stereocilia, and binds in vitro to CDH23þ68, CDH23À68 and PCDH15-CD1 [42] [43] [44] 45 ]. Binding to PCDH15-CD1 is mediated by interactions of its extreme C-terminus with PDZ2 of harmonin [42] . Interactions between CDH23 and harmonin are more complex. The extreme C-terminus of CDH23þ68 68 and CDH23À68 can bind to PDZ2 of harmonin, whereas a more membrane proximal domain in the two CDH23 isoforms bind to the N-terminal fragment of harmonin [43, 44, 45 ]. Additionally, CDH23À68 but not CDH23þ68 can bind to harmonin PDZ1 [43] .
Recent findings show that harmonin is broadly distributed in stereocilia of developing hair bundles but becomes strongly concentrated at the upper tip-link insertion site as hair cells mature [44] . Harmonin therefore shows a similar redistribution as CDH23 during hair bundle maturation [46] . Mutations in CDH23 [47 ] or in the harmonin PDZ2 domain [48] prevent harmonin localization to the upper tip-link insertion site, suggesting that PDZ2-mediated interactions with CDH23 are critical for its localization. Interestingly, harmonin is also mislocalized in deaf circler (dfcr) mice, which carry a mutation in harmonin deleting its actin-binding domain [48] . Whereas the electron-dense plaque at the upper tiplink insertion site is lost in dfcr mice, tip links are maintained and MET currents can be evoked [48] . However, the properties of the MET currents, such as channel activation and adaptation, are affected. These findings suggest that harmonin is an essential component of the upper tip-link plaque (Fig. 2) and thus is important for MET.
The USH1B protein myosin VIIa or MYO7A also localizes to stereocilia [32, 39, 40, 49] and can bind to the USH1 proteins PCDH15-CD1, harmonin, and SANS. Interactions with PCDH15-CD1 are mediated by the SH3 domain in the MYO7A tail domain, whereas the MyTh4-FERM domain binds to harmonin PDZ1 and SANS [38, 42] . MYO7A is a plus-end-directed actin-based molecular motor and has been proposed to transport cargo towards the tips of stereocilia [47 ] . Consistent with this model, localization of PCDH15 and harmonin is disturbed in MYO7A-deficient mice [44, 50] .
Myosin Ic (MYO1C) is thought to participate in MET channel adaptation and has been localized to the upper and lower insertion points of the tip link [49, 51] . MYO1C and CDH23 co-immunoprecipitated when expressed in heterologous cells [2] and recombinant MYO1C localizes to the stereocilia tips of wild-type but not CDH23-deficient mice [52] . These findings suggest that CDH23 is in series with the adaptation motor complex, but the mechanisms that mediate interactions between the two proteins are currently unclear.
Deafness associated with tip-link dysfunction
Genetic mouse models have been instrumental in providing insight into the function of tip-link proteins. These findings also reinforce the concept that CDH23, PCDH15 and their associated proteins are multifunctional. Previously identified mouse models such as shaker-1 (Myosin VIIa) [40] , deaf circler (harmonin) [36] , waltzer (CDH23) [19] , Ames waltzer (PCDH15) [18] and Jackson circler (SANS) [37] , exhibit disrupted stereociliary bundles, which indicates the importance of these proteins in hair bundle development. The mutations in the mouse models resemble similar mutations in USH1D patients, suggesting that defects in hair bundle development cause USH1. However, missense mutations in some USH1 genes cause recessive, late-onset deafness without visual impairment. For example, whereas a deletion in CDH23 resulting from nonsense, splice-site or frame shift mutations cause human USH1D, missense mutations in CDH23 cause the less severe DFNB12 phenotype [53, 54] . This phenotypic heterogeneity suggests that some mutations might affect developmental linkages in hair cells, whereas others specifically affect tip links.
Recently the first mouse model for recessive forms of deafness caused by missense mutations in any USH1 gene was described. This mouse, named salsa, was identified in an ENU mutagenesis screen and carries a missense mutation in the extracellular domain of CDH23 [55 ] . The salsa mutation leads to amino acid substitution in the highly conserved Ca 2þ -binding motif in the 7th ECD of CDH23. Organization of salsa hair bundles is intact, but tip links are progressively lost from the basal to apical turn of the cochlea after the development of functional hearing [55 ] . Hearing loss in salsa is similarly progressive, suggesting that it is caused by tip-link loss [55 ] . Interestingly, many mutations in DFNB12 patients also affect Ca 2þ -binding sites of CDH23. Biochemical assay demonstrated that the salsa and DFNB12 mutations affect adhesive interactions between CDH23 and PCDH15, even though the mutated sites are distant from the ligand-binding domain (ECD1). Ca 2þ binding stabilizes the structure of classical cadherins [56] , suggesting that structural defects caused by the salsa/ DFNB12 mutations secondarily affect adhesive function. The phenotype of salsa suggests that DFNB12 is a new class of deafness caused by the loss of the tip links due to an unstable interaction between CDH23 and PCDH15. A DFNB23-causative missense mutation in PCDH15-ECD is also known to affect the interaction between CDH23 and PCDH15 [1], suggesting a common pathogenesis underlying both DFNB12 and DFNB23. Establishing mouse models for DFNB23 will be important for testing this hypothesis.
Intriguingly, a polymorphism in the mouse genome that maps to the CDH23 extracellular domain is associated with noise-induced hearing loss (NIHL) and presbycusis. This polymorphism changes the splicing of the primary CDH23 transcript leading to an in-frame deletion, which likely affects CDH23 structure and function [57] . In humans, several nonsynonymous polymorphisms in CDH23 also increase the risk of NIHL [58 ] . These findings suggest that tip-link fragility is also associated with NIHL and presbycusis.
Conclusion
Based on recent advances, inner ear research is now at a new horizon. In the following section, we discuss two important future areas of research.
Identification of the mechanoelectrical transduction channel
The asymmetric molecular composition of the tip link together with localization of the MET channels at its lower end sets the stage for understanding MET at the molecular level. For example, of the three prominent PCDH15 cytoplasmic domains, PCDH15-CD3 has been specifically localized at the tip of stereocilia and is a good candidate to bind to the MET channel or channel-associated molecules [3] . Recently, a study using yeast two-hybrid screening identified hyperpolarization-activated, cyclic nucleotide-gated nonselective cation channel isoform-1 (HCN1) as a binding partner of PCDH15-CD3 [59] . The role of HCN1 in MET has yet to be determined. Earlier studies reported channel properties that are significantly different than that expected for the MET channel itself [60, 61] . Further exploration of the molecular dynamics, protein-protein interactions, and mechanical properties of the tip-link complex will further clarify our understanding of the molecular identity and intricacies of the MET machinery.
Presbycusis and tip-link dysfunction
In mammals, hair cells are terminally differentiated and do not regenerate, yet need to maintain the highly organized MET machinery over decades. This is awe-inspiring as we consider that hair bundles deflect thousands of times per second when stimulated and that the load-bearing molecules in the MET apparatus must restore and retain their structural and functional integrity with each deflection. Imperfections in hair cells accumulate with age and might eventually overload the ability of the cell to maintain a functional MET apparatus. A further understanding of the mechanisms controlling maintenance and turnover of these extraordinary structures will hopefully lead to a better understanding of presbycusis and provide new therapeutic approaches to sensorineural hearing loss.
